Background and purpose -Poor outcomes have been linked to errors in rotational alignment of total knee arthroplasty components. The aims of this study were to determine the correlation between rotational alignment and outcome, to review the success of revision for malrotated total knee arthroplasty, and to determine whether evidence-based guidelines for malrotated total knee arthroplasty can be proposed.
Background and purpose -Poor outcomes have been linked to errors in rotational alignment of total knee arthroplasty components. The aims of this study were to determine the correlation between rotational alignment and outcome, to review the success of revision for malrotated total knee arthroplasty, and to determine whether evidence-based guidelines for malrotated total knee arthroplasty can be proposed.
Patients and methods -We conducted a systematic review including all studies reporting on both rotational alignment and functional outcome. Comparable studies were used in a correlation analysis and results of revision were analyzed separately.
Results -846 studies were identified, 25 of which met the inclusion criteria. From this selection, 11 studies could be included in the correlation analysis. A medium positive correlation (ρ = 0.44, 95% CI: 0.27-0.59) and a large positive correlation (ρ = 0.68, 95% CI: 0.64-0.73) were found between external rotation of the tibial component and the femoral component, respectively, and the Knee Society score. Revision for malrotation gave positive results in all 6 studies in this field.
Interpretation -Medium and large positive correlations were found between tibial and femoral component rotational alignment on the one hand and better functional outcome on the other. Revision of malrotated total knee arthroplasty may be successful. However, a clear cutoff point for revision for malrotated total knee arthroplasty components could not be identified.  About 1 in 5 TKA patients are dissatisfied with the outcome (Bourne et al. 2010) . A systematic review by the European Arthroplasty Register reported the results of 6 national joint registry datasets. A combined revision rate of 1.3 revisions per 100 observed component years after primary TKA was reported, and revision rates of about 6% after 5 years and 12% after 10 years are to be expected (Labek et al. 2011) . Many possible causes of painful or malfunctioning TKAs have been defined, but the true cause often remains unknown (Thornhill 2002 , Dennis 2004 , Toms et al. 2009 ). Rotational errors of TKA components are frequently overlooked as the origin of problems, which can lead to unnecessary procedures (Bedard et al. 2011 ). Poor outcomes and major complications-e.g. patellofemoral pain, instability, and stiffness after TKA-have been linked to errors in rotational alignment of the components (Mochizuki and Schurman 1979 , Rhoads et al. 1990 , Miller et al. 2001 , Sikorski 2008 . Thus, the aims of the present study were (1) to examine the correlation between rotational alignment of the TKA component and outcome, (2) to review the results of revision operations for rotational malaligned TKA, and (3) to investigate whether practical recommendations can be made to guide treatment of a rotational malaligned TKA.
Patients and methods
Identification of studies A comprehensive literature search was performed with the assistance of a medical librarian, using the following search terms: arthroplasty, replacement, knee, total knee, prosthesis, TKA, TKP, TKR, primary, revision, rotation, rotational error, axis, angle, malalignment, posterior condylar angle, posterior condylar line, surgical epicondylar axis, condylar twist angle, and rotational alignment. The search was limited to adults in the following databases: PubMed/Medline, the Cochrane Clinical Trial Register, and Embase. Studies were searched in the period from 1993 to May 2014. The reference lists obtained of retrieved publications were manually checked for additional references that possibly met the inclusion criteria, which were missed in the electronic search.
Inclusion and exclusion criteria
We used Prisma methodology for the analysis and reporting of the systematic review (Moher et al. 2009 ). Titles and abstracts from potentially relevant studies were reviewed using a set of predefined inclusion and exclusion criteria. All articles from 1993 onward that presented data on rotational errors in primary and revision TKA and outcome scores were included for further data extraction if the criteria were met. Rotational alignment of the components had to have been judged according to a specific protocol with the results presented as rotational degrees of malalignment and a functional objective and/or subjective validated outcome measure had to have been used. The year 1993 was chosen as a cutoff point because in that year, a standardized CT method was introduced that assessed rotational alignment in TKA (Berger et al. 1993b ). Revision was defined as any surgical procedure that resulted in the removal or exchange of any of the arthroplasty components. All types of TKAs and all reasons for the primary or revision operation were included. Radiological studies presenting CT and/or MRI data were included. Radiological studies presenting data from conventional X-ray imaging and articles confined to the clinical judgement of rotation were excluded since these methods are less accurate. Review articles and expert opinions were excluded because these articles do not report on original patient data. Abstracts from scientific meetings without a full-text published article were also excluded. The search was restricted to articles written in English, German, French, or Dutch. Articles presenting data supposedly presented previously were used once. 2 reviewers (KV and SB) independently reviewed the literature searches, using the titles and abstracts to identify relevant articles for full review. From the full text, the reviewers independently selected articles for inclusion in this review using the above-mentioned criteria. Disagreement was resolved by group discussion; with arbitration by a third author (MB) when differences of opinion remained. Studies were not coded regarding author, affiliation, and source.
Data extraction
After the initial assessment for inclusion, the following data were extracted from the articles selected: number of procedures, time from index operation, primary TKA and/or revision TKA, prosthesis type (cruciate retaining, posterior stabilized), bearing type (mobile, fixed), patella resurfacing, study inclusion criteria, functional assessment, type of rotational malalignment measured (femoral, tibial, combined, and mismatch) (Nicoll and Rowley 2010) and imaging protocol. Studies with similar protocols for determining both the rotation of the individual TKA components and the functional outcome were used in the correlation analysis. Data on the results of revision for TKA malrotation were also analyzed separately.
The methodological quality of the studies included was assessed by assigning levels of evidence as defined by the Oxford Centre for Evidence-Based Medicine (Howick et al. 2011) . Levels of evidence were assigned by KV and SB. Disagreement was resolved by consensus. Based on the levels of evidence, some recommendations for clinical practice were formulated. A grade was added, based on the evidence supporting that recommendation (Guyatt et al. 2008) .
Statistics
Statistical analysis was done using IBM SPSS version 21.0. The mean femoral or tibial rotation, the mean total Knee Society score (KSS), and the number of patients from each article selected was entered in SPSS. In the analysis, the rotation and total KSS were weighted by the number of patients. Normal distribution was tested by calculating the skew and kurtosis, evaluating frequency histograms, and performing the Shapiro-Wilcoxon test. Degree of correlation (with 95% confidence intervals (CIs)) between femoral rotation and total KSS and between tibial rotation and total KSS was calculated. The preferred test for correlation analysis depends on the distribution of the data; Pearson's correlation assumes equal interval data that are normally distributed. Spearman's rho (ρ) is used on the ranks of the data. It is a non-parametric estimation of the correlation and is thereby less sensitive to outliers than Pearson's correlation coefficient. Because the variables were not normally distributed, a Spearman's rho bivariate correlational statistical method was used. In this analysis for nonparametric correlations, cases were weighted by the number of patients in the study and significance was set at the 1% (0.01) level. A small effect size is defined as rho between 0.10 and 0.30, a medium effect size as rho between 0.30 and 0.50, and a large effect size is operationally defined as one that yields rho ≥ 0.50 (Cohen 1988) .
Registration
This systematic review was registered and published on the Prospero database (number CRD42014007096) (Booth et al. 2013) .
results
The primary search, performed in May 2014, yielded 846 unique studies ( Figure 1 ). 25 studies finally met the inclusion criteria and were included (Table 1, see Supplementary data). No more articles could be identified after manually checking the retrieved publications for additional references that might meet the inclusion criteria.
The 25 studies included were published over 12 years. 2 studies were classified as level I, 7 as level II, 9 as level III, and 7 as level IV. These studies each involved 13-146 knees and together they covered 1,494 knees that had both rotational and functional assessment after TKA. 7 studies compared malrotation and asymptomatic cohorts, 2 compared malrotation and aseptic loosening cohorts, 4 compared computer-assisted surgery (CAS) with jig-based TKA, 1 compared CAS with articular surface-mounted CAS, 1 compared patient-specific instrumentation with jig-based TKA, and 2 compared fixed-al. 2011, Sternheim et al. 2012 , Zhang et al. 2012 , Lad et al. 2013 , Huang et al. 2013 , Woolson et al. 2014 . These studies used similar protocols for determination of both the rotation of the individual TKA components and the functional outcome. In this quantitative correlation analysis of the tibia (Barrack et al. 2001 , Fosco et al. 2010 , Nicoll and Rowley 2010 , Sternheim et al. 2012 , Zhang et al. 2012 ) and the femur (Kienapfel et al. 2003 , Mizu-uchi et al. 2008 , Fosco et al. 2010 , Harvie et al. 2011 , Sternheim et al. 2012 , Zhang et al. 2012 , Lad et al. 2013 , Huang et al. 2013 , Woolson et al. 2014 ), 9 and 16 study groups, respectively, were included (11 articles). In these study groups, CT scans were used to assess the rotational alignment of the components and the KSS consisted of a combination of the knee score and the functional score for functional assessment. The studies included used the CT scan protocols according to the Berger protocol without sex differences, and the identical Perth CT protocol for measurement of femoral rotation. For the tibial component, the Berger protocol was used. In the Perth CT protocol (Chauhan et al. 2004 ), tibial rotation is described relative to the femoral component rather than relative to a bony landmark. Isolated tibial rotation is therefore not measured. These combinations of CT scan and functional assessment yielded the most study groups for analysis.
In the tibial correlation analysis, 9 study groups involving 250 patients were included. There was a positive correlation between more external rotation of the tibial component and higher total KSS (ρ = 0.44, 95% CI: 0.27-0.59). In the femoral correlation analysis, 16 study groups with a total of 490 patients were included. There was a positive correlation between more external rotation of the femoral component and higher total KSS (ρ = 0.68, 95% CI: 0.64-0.73) ( Figure 2 ). 6 studies could be identified that had results of revision for malrotation ( Table 2 , see Supplementary data). These studies represented the results of 173 patients. In cases where data Full-text articles assessed for eligibility (n = 55)
Full-text articles excluded (n = 30)
Studies included in qualitative synthesis (n = 25)
Studies included in quantitative synthesis (correlation analysis) (n = 11) Tibia (n = 5; 9 study groups) Femur (n = 9; 16 study groups) bearing with mobile-bearing TKA. 4 symptomatic cohorts and 4 random TKA cohorts were reported. The mean documented time from the index surgery varied from 6 months to 10 years. The inclusion criteria in the studies were: (anterior) knee pain, stiffness, failure of patella prosthesis, instability, and primary TKA for osteoarthritis. The functional assessments were done with the (inverted) Oxford 12-item knee questionnaire, the Hospital for Special Surgery knee score (HSS), the Western Ontario and McMaster Universities arthritis index (WOMAC), and the KSS. The KSS has 3 components (knee, function, and pain) and the studies reported separate components and combinations of components. Femoral rotation was measured in 24 studies, tibial rotation in 18 studies, combined rotation in 9 studies, and mismatch in rotation in 7 studies. For both femur and tibia, 5 different CT rotation protocols were used to measure component rotation. Due to limited numbers of comparable studies reporting combined rotation and mismatch in rotation, a corresponding quantitative analysis was not possible. 8 studies could not be included in the correlation analysis due to either inconsistent reporting of the measured rotation impeding linkage to the functional assessment (Hofmann et al. 2003 , Longstaff et al. 2009 , Bedard et al. 2011 , or inconsistent reporting of the KSS total score impeding linkage to the measured rotation (Sensi et al. 2011) . Furthermore, 4 studies were excluded because only the Knee Society knee score was reported instead of the combined knee and function score (Matsuda et al. 2001 , Lakstein et al. 2010 , Matsuda et al. 2010 , Pietsch and Hofmann 2012 . 11 studies could be included in the quantitative analysis (Barrack et al. 2001 , Kienapfel et al. 2003 , Mizu-uchi et al. 2008 , Fosco et al. 2010 , Nicoll and Rowley 2010 were missing, the original data from the studies were used to calculate rotational measurements and functional outcomes when available. All the revision studies used the Berger protocol for assessment of component rotation. For assessment of tibial rotation the revision studies used Berger protocol. However, for assessment of femoral rotation, some studies used the Berger protocol with sex differences (Lakstein et al. 2010 , Bedard et al. 2011 ) and others did not (Hofmann et al. 2003 , Pietsch and Hofmann 2012 , Sternheim et al. 2012 . The data of Fosco et al. (2010) were available, and recalculations were done according to the Berger protocol without sex differences, in order to give more valuable data. Indications for operation were stiffness (Fosco et al. 2010 , Bedard et al. 2011 , Pietsch and Hofmann 2012 , Sternheim et al. 2012 , instability (Hofmann et al. 2003) , and pain (Hofmann et al. 2003 , Fosco et al. 2010 , Lakstein et al. 2010 , Sternheim et al. 2012 
discussion
We found positive correlations between rotational alignment of the tibial and femoral components on the one hand and the KSS on the other. We also found that revision of malrotated total knee arthroplasty may be a successful procedure. However, due to several limitations, a clear cutoff point for revision of malrotated total knee arthroplasty components could not be identified.
CT rotation protocol
Because of the differences in assessments and CT protocols in the studies included, it is difficult to compare and metaanalyze the results. Most studies used Berger's CT protocol to measure the rotation of components (Berger et al. 1993b, Berger and . In this protocol, different native rotation values of the posterior condylar angle for males and females are used as a reference. These values were based on a cadaveric study with 20 male femurs and 15 female femurs (Berger et al. 1993a ). Sex differences for the posterior condylar angle could not be confirmed in other studies (Yoshioka et al. 1987 , Mantas et al. 1992 , Poilvache et al. 1996 , Griffin et al. 1998 , Boisgard et al. 2003 . Thus, studies reporting mean results of the original Berger CT protocol with sex differences have little value, because inaccuracy is introduced. The studies that used Berger's CT protocol to measure rotation without sex differences-combined with the surgical transepicondylar axis as a reference-could be compared. In recent studies, the value of the surgical tran-sepicondylar axis could be confirmed (Victor 2009 , Victor et al. 2009b . Recently, Konigsberg et al. (2014) examined the inter-observer and intra-observer reliability (repeatability) of the CT rotational protocol of TKA components by Berger, and found variable results. With the same observer assessing the same scan twice, there was a 12-degree difference in combined rotation. The authors also found poor inter-observer variability for the femoral component (0.39) and good interobserver variability (0.67) for the tibial component. Roper et al. (2013) could improve the inter-and intra-observer reliability for measuring the tibial component rotation with a 3D modification of Berger's protocol, but to date 3D reconstructions have not been able to improve registration errors of the epicondylar axis (Wai Hung et al. 2009 ). The value of the tibial reference points used in Berger's CT protocol remain unclear (Incavo et al. 2003 , Akagi et al. 2005 , Siston et al. 2006 , Cobb et al. 2008 , Graw et al. 2010 , Lawrie et al. 2011 , Kawahara et al. 2012 , Sahin et al. 2012 , Howell et al. 2013 ). Victor et al. (2009a) described a low inter-and intra-observer variability in the CT registration of landmarks that define the coordinate system of the femur and tibia. In the femur, the surgical and anatomical transepicondylar axis and the posterior condylar line could be determined precisely. In the tibia, the least variability was found in the tibial transverse axis. The posterior condylar line of the tibia and the tibial tubercle axis exceeded 3 degrees (maximal error) and could therefore not be recommended as reliable landmarks. The authors also confirmed the tibial transverse axis as previously described by Cobb et al. (2008) . A cadaver study also confirmed that the tibial transverse axis was closely related to the projected surgical transepicondylar axis of the femur (Victor et al. 2009b ), but to date no postoperative CT rotational protocol for tibial rotation relative to the tibial transverse axis has been described.
Knee Society score
In most of the studies included, the KSS (Insall et al. 1989) was used for assessment of the outcome. The KSS is a responsive and reliable outcome measure that has been validated (Kreibich et al. 1996 , Ryd et al. 1997 ). However, it suffers from high inter-and intra-observer variation when the assessments are performed by less experienced doctors and nurses (Liow et al. 2000) . Furthermore, Sasaki et al. (2014) showed that it is difficult to evaluate TKA patients only with objective scales such as the KSS, because they have a low correlation with patients' reported quality of life. The new KSS was developed in 2011 as a patient-derived outcome measure to better characterize satisfaction, expectations, and physical activities after total knee arthroplasty . Although the first study to use this questionnaire has been published (Kawahara et al. 2012) , showing reduced scores for functional activities and slightly reduced scores for satisfaction after internal rotation of the femoral component, further research on this questionnaire is required.
Correlation analysis
The relationship between tibial and femoral rotation and functional outcome could be examined with correlation analysis. 11 studies gave 9 study groups for the tibial analysis and 16 study groups for the femoral analysis. A correlation can range between −1 (a perfect negative relationship) and +1 (a perfect positive relationship), with 0 indicating no straight-line relationship. A positive correlation would indicate that a higher degree of external rotation coincides with a higher total KSS. Correlation analysis has been used previously to assess sagittal and coronal alignment in TKA (Lotke and Ecker 1977, Fuchs et al. 2002 ). In the current study, a correlation of 0.44 (95% CI: 0.27-0.59) for tibial rotation and of 0.68 (95% CI: 0.64-0.73) for femoral rotation was found. The confidence interval for the tibial correlation was wider than that for the femur, which indicates lower precision of the tibial correlation estimate in our analysis. According to Cohen's classification (Cohen 1988) , this is a medium correlation for the tibial rotation and a large correlation for the femoral rotation. This finding is in accordance with previous studies (Laskin 1995 , Akagi et al. 1999 , which concluded that femoral components that were externally rotated relative to the posterior condylar line performed better. A trend of better function was demonstrated by Longstaff et al. (2009) if the femoral component rotation is placed within 2 degrees of the surgical transepicondylar axis. Recently, Kim et al. (2014) showed that less than 2 degrees of external rotation of the femoral and tibial components are risk factors for component failure. However, in this study the tibial component rotation was defined as the angle between the posterior margins of the tibial plateau and the tibial bearing. This technique is unreliable (Victor et al. 2009a ). The optimal rotation angle for femur and tibia remains unknown.
Some limitations of this correlation analysis should be taken into account. First of all, it should be realized that the outcome of a TKA is affected by the alignment of all components in every plane. This is true for the alignment of the components in the coronal and sagittal planes, but the rotational alignment of each component also has an effect and makes it difficult to attribute effects to alignment of any individual component in a single plane-and results in omitted variable bias. This is well illustrated by the 2 patient groups with anterior knee pain from Fosco's study, who represented the biggest outliers in both correlation analyses (Fosco et al. 2010) . A second limitation is the fact that studies with unknown follow-up or limited follow-up of 6 months were included. It is unlikely that early follow-up assessments represent an endpoint, and an unknown follow-up might also influence the results. The strength of this analysis lies in the numbers of patients included, which exceeded those in any individual study reporting on the effect of rotation of TKA components on the functional outcome.
Revision studies
All studies reported postoperative improvement of the KSS and HSS. Although some authors use broader intervals (Insall et al. 1979 , Ranawat et al. 1993 ), more commonly narrow intervals are used to assign patients to a category (excellent, good, fair, or poor) based on the KSS numeric score (Wright et al. 1990 , Konig et al. 1997 . When a classification with narrow intervals is used, the postoperative KSS knee score would be fair in 3 study groups and good in 2 study groups. As for the KSS functional score, it would be poor in 3 study groups and good in 3 study groups. Due to the inter-observer and intraobserver variability, we cannot be confident that a change is real unless it exceeds 23 points for intra-observer assessments and 16 points for inter-observer assessments of the KSS knee score. The same is true for the KSS functional score, where the cutoff point is 30 points for the inter-observer variability and 19 points for the intra-observer variability (Liow et al. 2000) . Of the revision studies ( Table 2 , see Supplementary data), the improvement in 2 studies remained lower than the cutoff point of the inter-and intra-observer variability of the KSS function score (Bedard et al. 2011) . We compared the recalculated mean rotations from the data presented in the study by Fosco et al. (2010) with their inclusion criteria for both study groups. The mean combined rotation in the patella resurfacing and total revision group was 1.1 degrees of external rotation and 0.4 degrees of internal rotation. Solid conclusions from this study can therefore not be drawn. In the study by Lakstein et al. (2010) , the Berger CT protocol with sex differences was used for calculation of the femoral rotation. Thus, only the results of revision indicated for tibial component malalignment are credible.
A further limitation to the interpretation of the results of revision is that only Bedard et al. (2011) reported the postoperative rotational alignment measured with CT scan. It therefore remains uncertain whether the improved outcome in the other revision studies was due to a correction of rotational malalignment. Finally, it remains unknown whether the improvements were clinically significant. The minimal important change (MIC) is defined as the smallest change in a measurement that signifies an important improvement in a symptom or a sign. We have not found any reports on MIC for the KSS scores and the HSS score.
In conclusion, a medium positive correlation was found between the rotational alignment of the tibial component and KSS, and a large positive correlation was found between the rotational alignment of the femoral component and KSS. External rotation of the TKA components results in better outcome. Furthermore, a revision of a TKA for malrotated components may be a successful procedure. However, there were only 2 studies reporting improvement after TKA revision exceeding the inter-and intra-observer variability of the KSS when we included studies with malrotation measurements according to the Berger CT protocol without sex differences (Lakstein et al. 2010) . According to these studies, it appears that TKA revision for an internal malrotation of the tibial component of 4.3 degrees and for an internal malrotation of the femoral component of 7.1 degrees results in significant improvement. Due to several limitations, however, we cannot accept these values as being clear cutoff points indicating a TKA revision. The repeatability of the Berger CT protocol and the value of its tibial reference points is questionable, the MIC of the KSS and HSS used in studies to report outcome of revision for malrotated TKA components remains unknown, and omitted variable bias is inevitable. Furthermore, the combined sample size of these studies was low-with just 38 patients-and the level of evidence of these studies was III-IV. Therefore, taking into account the low quality of evidence, a weak recommendation can be assigned to these tibial and femoral cutoff points. Based on the available literature, no recommendations can be made regarding combined malrotation, mismatch malrotation, and external rotational malalignment of either component due to the low numbers of studies reporting on these topics.
Based on the current systematic review and correlation analysis, we can make some recommendations for further research. First, there is no reliable protocol to assess the rotational alignment of the tibial tray; the optimal intraoperative anatomical landmarks as well as the optimal postoperative radiological reference points are yet to be determined. Furthermore, large prospective cohort studies are needed to allow subgroup analysis in which the effect of separate parameters can be examined while other parameters remain within acceptable limits. These cohort studies should incorporate both functional and subjective outcome measures. After such studies, conclusions can be drawn regarding identification of optimal rotations for both components. Finally, studies reporting on revision for malalignment should report both preoperative and postoperative rotational alignment measured with CT scan.
Supplementary data
Tables 1 and 2, are available at Acta's website (www.actaorthop.org), identification number 7862.
